The importance of sleep for behavioural performance during waking is long-established, but the underlying reasons and mechanisms remain elusive. Waking and sleep are associated with changes in the levels of GluA1 AMPAR subunit in synaptic membranes, while studies using genetically-modified mice have identified an important role for GluA1-dependent synaptic plasticity in a non-associative form of memory that underlies short-term habituation to recently experienced stimuli. Here we posit that sleep may play a role in dishabituation, which restores attentional capacity and maximises the readiness of the animal for learning and goal-directed behaviour during subsequent wakefulness. Furthermore we suggest that sleep disturbance may fundamentally change the nature of behaviour, making it more model-free and habitual as a result of reduced attentional capacity.
Introduction
Over one hundred years of research has suggested that sleep and circadian rhythms play an important role learning and memory. Several hypotheses have been put forward to explain how sleep benefits learning, and why disrupted or mistimed sleep and sleep deprivation might affect cognitive function [1, 2] . It has been proposed that sleep facilitates incorporation of memory traces into permanent storage [3] , benefits learning through global synaptic down-selection [4], or both [5] . In recent years substantial progress has been made with respect to understanding the neurobiological mechanisms underlying learning and memory, in particular with regard to the role of glutamate receptors and synaptic plasticity. Concomitantly, the molecular and synaptic changes that occur during wake, sleep and sleep deprivation have been investigated in detail. Given these recent advances, and given the central importance of glutamate receptors and synaptic plasticity in the relationship between sleep and memory, a view shared by various theories [1,4,6], our aim here is to re-evaluate the relationship between sleep and memory in the light of these recent findings.
Homeostatic and circadian regulation of sleep
The neural processes associated with sensory processing, motor functions and learning involve intense synaptic and spiking activity, which are computationally and metabolically demanding [7, 8] . Not surprisingly, staying awake for extended periods of time leads to substantial wakedependent changes in cortical and subcortical network activity [9 ,10 ,11 ], which likely contribute to wellknown behavioural deficits after sleep deprivation or disruption [12] [13] [14] . It has therefore been suggested that prolonged wakefulness needs to be off-set by periods of recovery during which metabolic balance and network function must be restored [13, 15] . Such opposing effects of waking and sleep on brain activity and behaviour may be described conceptually within a framework of homeostatic regulation [16] .
Sleep homeostasis is a ubiquitous phenomenon found in many animal species, suggesting that it underscores some fundamental, essential function [16, 17] . According to this framework, sleep pressure (reflected in the dynamics of a hypothetical 'Process S') increases as a function of time spent awake and decreases with sleep. Like an hourglass, the levels of Process S indicate the time passed awake or asleep and denote how likely we are to be awake or asleep at any given moment. The best characterized physiological indicator of sleep-wake history is the level of cortical EEG slow-wave activity (SWA, EEG power between 0.5 and 4.0 Hz) during NREM sleep [18, 19] , reviewed in Ref. [20] . In mammals, sleep SWA is high in early sleep and after sleep deprivation, when sleep pressure is increased physiologically, and decreases progressively to reach low levels in late sleep [21] [22] [23] . The dynamics of SWA across the period of sleep have been linked to the levels of synchronisation within cortical networks and neuronal excitability [13, 24, 25] , although the role of subcortical neuromodulation cannot be ruled out [26] .
Importantly, sleep homeostasis is not the only process that is involved in the regulation of waking and sleep across the 24-hour day. It is now well established that Process S undergoes a powerful influence from another process-the circadian rhythm (referred to as Process C), which links daily variations in a wide range of physiological variables with the occurrence of waking and sleep [27, 28] . This circadian process is the product of the circadian clock-an intracellular mechanism based upon the rhythmic expression and negative feedback of a number of clock genes and their protein products. In mammals, the master circadian pacemaker is located in the hypothalamic suprachiasmatic nuclei (SCN), which regulates peripheral clocks found in cells and tissues throughout the body [29] . According to our current understanding, the homeostatic process interacts with a circadian drive for arousal, which prevents sleep from occurring at inappropriate times and thus benefits waking functions [16] . Although several studies have implicated the circadian system in the regulation of synaptic plasticity, learning and memory [30, 31 ], it is possible that changes in sleep may provide the primary mechanism by which circadian rhythms influence these processes.
Synaptic homeostasis: molecular correlates
Important insights into the mechanisms underlying sleep regulation have been obtained from a series of molecular studies where the effects of waking and sleep on gene expression in the brain have been investigated. These studies showed that several hundred genes were expressed differentially between day and night, or varied between sleep and wake regardless of time of day [32] [33] [34] [35] . Importantly, it was revealed that different functional categories of genes in the brain were selectively associated with wakefulness and sleep. Being asleep was associated with differential expression of genes primarily involved in protein synthesis and membrane trafficking. Genes up-regulated after waking included molecules involved in energy homeostasis, a number of transcription factors, clock-related genes, heat-shock proteins, genes related to activity-dependent neural plasticity, and glutamatergic neurotransmission-related genes. These findings suggested that at least some of the well-known cognitive deficits incurred after sleep loss may arise from changes in synaptic machinery, and specifically changes associated with excitatory glutamatergic signalling and synaptic plasticity.
Consistent with this notion, synaptic levels of glutamate receptor subunits, including the GluA1 AMPAR subunit (also known as GluR-A or GluR1, encoded by the Gria1 gene), exhibit a pronounced daily variation as a function of sleep-wake history [36 ,37] . For example, it has been shown that if rats were sacrificed after periods of sustained wakefulness or sleep deprivation then GluA1-containing AMPAR levels in synaptoneurosomes in cortex and hippocampus were considerably higher than in a group of animals that were sacrificed after periods of sleep (Figure 1 ). The GluA1 subunit plays an essential role in the trafficking of AMPARs into the post-synaptic membrane and thus supports and maintains synaptic plasticity [38] [39] [40] , including short-term potentiation (STP) and certain forms of long-term potentiation (LTP) [41] [42] [43] [44] . This is consistent with the proposal that wakefulness is associated with a net increase in synaptic strength, as manifested by increased levels of glutamate receptors in brain areas like the hippocampus and cortex [4] . In turn, according to this view, sleep is associated with synaptic renormalisation, manifested as a decrease in GluA1-containing AMPAR levels back down to baseline levels [4] . So what are the behavioural consequences of these diurnal changes in glutamate receptor subunit expression and plasticity at cortical and hippocampal synapses.
Synaptic plasticity and memory
Historically, the relationship between synaptic plasticity and memory has been almost exclusively considered in [45] . Nevertheless, despite this widespread belief and the general acceptance of a hippocampal LTP/associative memory hypothesis, the evidence in support of this theory is equivocal at best [46] [47] [48] .
On the other hand, there is increasingly strong evidence that glutamate receptors and synaptic plasticity may underlie a very different kind of memory trace. For example, Gria1 À/À mice with a global, constitutive knockout of the GluA1 AMPAR subunit, exhibit a robust and selective deficit in a non-associative form of short-term memory that underlies short-term habituation to recently experienced stimuli. In marked contrast, these mice are perfectly able to acquire associative, long-term memory tasks, including the Morris watermaze, just as well as their wild-type littermates [49, 50 ] (see Box 1, Figure 2 ). Habituation describes the decline in the tendency to respond or attend to stimuli that have become familiar as a result of prior exposure. Recent studies with Gria1
À/À mice demonstrate two forms of habituation: a GluA1-dependent, short-term habituation and a GluA1-independent, long-term habituation [50 ] . Thus, evidence suggests that GluA1-dependent plasticity underlies the short-lasting sense of familiarity for recently experienced stimuli such that the attention paid to these stimuli is reduced [51] .
Synaptic plasticity, sleep and dishabituation
The relevance of these behavioural findings in Gria1 À/À mice for understanding the functional role of sleep is brought into focus by the diurnal wake-sleep dependent rhythm in the synaptic expression of glutamate receptor subunits, including GluA1 [36, 37] . The involvement of GluA1-dependent synaptic plasticity in encoding familiarity for recently experienced stimuli may be reflected in the accumulation of GluA1 subunits in the post-synaptic membranes of hippocampal and cortical neurons during waking experience [40] . Thus, the increase in synaptic GluA1 after prolonged periods of wakefulness may reflect on-going habituation, leading to a reduction in attention. Importantly, this particular kind of GluA1-dependent memory is not permanent, and the sense of familiarity that it supports (and the concomitant reduction in attention) is not lasting. Indeed, we suggest that this sense of familiarity may be diminished after restorative sleep [4] . Thus, an intriguing possibility is that restoration of attentional performance (i.e. dishabituation) is the behavioural endpoint of the network renormalisation that occurs during sleep [52] , and glutamatergic plasticity plays an important role in this process. It remains to be determined whether sleep merely passively provides an opportunistic process for dishabituation by providing a period of reduced sensory input, allowing the memory traces underlying short-term familiarity to decay, thus resulting in the restoration of attentional capacity, or whether sleep includes an active process (or processes) that leads to the restoration of attention.
Sleep disturbance and attentional deficits
According to this framework, a failure to engage such dishabituation processes could result in persistently low levels of attentional capacity. It is important to note that GluA1-dependent habituation is stimulus specific and does not result in a generalised reduction in attention to all stimuli (as noted in Box 1). However, according to 204 
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Box 1 Synaptic plasticity and habituation-studies in Gria1
À/À mice Studies using genetically modified mice in which GluA1 has been selectively ablated provide important information on the function of synaptic plasticity of glutamatergic neurotransmission in learning and memory. Gria1 À/À mice are able to acquire associative, longterm spatial memory tasks, including the Morris watermaze, just as well as their wild-type littermates. There is no impairment in these animals when learning the spatial location of a fixed, hidden escape platform, or when learning which arms of a spatial radial maze task are always associated with food, and which arms are unrewarded (the spatial reference memory version of the task). In marked contrast, Gria1
À/À mice exhibit a robust and selective deficit in a nonassociative form of short-term memory that underlies short-term habituation to recently experienced stimuli (see Figure 2 ).
For example, when a wild-type mouse is placed in a novel environment it will initially exhibit high levels of exploration and activity which then reduces over time as the environmental cues become familiar (i. e. as the animal habituates). Gria1 À/À mice habituate more slowly to a novel environment and hence their exploration levels remain elevated for much longer and hence they appear hyperactive. Habituation can also be studied by allowing an animal to explore a novel object for a period of time, before then giving the animal a choice between exploring the same (now familiar) object again or exploring a different, novel object. Normally, animals will be less interested in, and pay less attention to, the object that they have already encountered, and so will choose to explore the novel object. This demonstrates that this form of habituation is stimulus-specific (i.e. it does not reflect a generalised reduction in attention to all stimuli), and it is a highly adaptive response that frees up attention for more useful, novel experiences. Gria1 À/À mice fail to habituate to recently presented stimuli like objects and so they keep exploring and paying attention to stimuli that wild-type mice would have already started to ignore. Thus, Gria1 À/À mice show less preference for the novel object over the familiar object. Similarly, in the spatial domain, whereas wild-type mice will show a preference for the novel arm of a Y-maze (compared to arms that they have recently experienced during a sample trial), Gria1 À/À mice again fail to exhibit a novelty preference, demonstrating equal levels of exploration for novel and familiar arms, indicating a deficit in habituation to spatial cues.
Interestingly, a similar pattern of behavioural results has been seen with mice that lack the GluN2A subunit of the NMDAR (also known as NR2A, encoded by the gene Grin2a), at least as far as they have been tested thus far [86] . Notably the GluN2A subunit exhibits similar daily variation with sleep-wake history as the GluA1 subunit [36 ] .
well-established models of habituation, for example, Wagner's Sometimes Opponent Process (SOP) model; [53] , stimuli are considered to consist of multiple 'elements.' These elements could be considered as the fundamental units that together comprise the various features of a stimulus (i.e. together they represent the visual, tactile, auditory, olfactory and taste components of a given stimulus). Different stimuli (particularly in the same stimulus domain) will therefore likely have a proportion of their elements in common. In other words, there will be some overlap in terms of the elements that comprise certain stimuli. In Wagner's SOP model, habituation is considered to occur at the level of individual elements (although it also seems likely that habituation may occur at various different levels of stimulus organisation). Therefore, over a prolonged period of wakefulness, and with exposure to numerous stimuli, there will be a gradual increase in the habituation to elements of many stimuli. Given that there is a degree of overlap in the elements that comprise one stimulus to the next, ongoing stimulus-specific habituation will eventually lead to an overall stimulus-independent, decrease in attentional performance, as the total number of elements that have become habituated gradually increases across waking experience. Thus, extended periods of wakefulness will result in reduced attention, whereas sleep provides recovery such that high levels of attention are once again possible during the next waking period.
A related possibility is that reduced attentional performance after sleep deprivation is associated with the intrusion of sleep-like patterns of neuronal activity into the awake state [54] . Indeed, several studies have shown that cortical OFF-periods or slow waves are common during waking, especially during quiet states, but also even during active behaviours [9 ,12,55-59]. It seems not unlikely that the occurrence of sleep-like cortical states during waking could lead to attentional deficits, inasmuch as the networks supporting a specific behaviour are experiencing a down-state, although direct evidence supporting this notion is still limited [12, 60, 61] . At the same time, the occurrence of neuronal down-states during waking, associated with lowered spiking and synaptic activity, is likely associated with reduced metabolic 
Gria1
À/À mice display impaired short-term habituation. (a) Left: the design of the novel object recognition task. Mice were exposed to two copies of an object for 10 min, and then after a 2-min interval they were allowed to explore a duplicate of the familiar object and a novel object for 5 min. Right: Gria1 À/À mice display impaired short-term habituation on the novel object recognition test. The times spent exploring the novel object during the test phase are shown as a ratio of the total time spent exploring both objects. The dashed line at 0.5 indicates chance performance. Error bars indicate AEs.e.m. (b) Gria1 À/À mice display impaired short-term habituation on the spatial novelty preference test. During a 5-min Exposure phase (left panel), mice were allowed to explore two arms of a 3-arm, Perspex Y-maze surrounded by distal extra-maze cues. After a 1-min delay, the mice were returned to the maze for the Test phase (2-min duration), during which they were now able to explore freely all three maze arms, including the previously unvisited (novel) arm (centre panel). Wild-type (WT) mice exhibit a preference for the previously unvisited (Novel) arm over the two familiar arms to which they have previously been exposed (Start and Other). Gria1 À/À mice did not show a significant preference for the novel arm. Ratio of time spent in the novel versus other arm (AEs.e.m.). *p < 0.05 difference between groups. Adapted from Ref. [51] .
requirements, or could reflect a shortage of energy substrates [62] .
More generally, the changes in network activity and neuronal excitability across sleep/wake cycles have potentially important implications for energy homeostasis in the brain [4, 7] . It has been shown in humans and animals that cerebral metabolic rates are increased after sleep deprivation or spontaneous wakefulness [15, 63] . Furthermore, after prolonged periods of wakefulness, it may become progressively harder to engage with stimuli when it is required to do so. Under normal circumstances, the more often or the longer a stimulus is presented, the less and less attention is paid to that stimulus. However, if it then becomes necessary to pay attention to a habituated stimulus (or to a stimulus that contains a high proportion of habituated elements), then the attentional mechanisms or working memory processes will need to overcome or override (and thus effectively work against) that ongoing habituation process. Thus it will be cognitively, and potentially metabolically, more demanding, to sustain attention to a habituated stimulus. The occurrence of network OFF-periods during sleep deprivation may reflect cortical states, during which the capacity to sustain metabolically-demanding processes, such as paying attention, is reduced. On the other hand, the increase in synaptic GluA1 after prolonged periods of wakefulness, leading to habituation, may result in it being progressively harder to pay attention to relevant stimuli when required. We posit that network renormalisation during sleep [64 ] , leading to dishabituation, may reduce the energetic costs of paying attention to stimuli and thus help maintain a viable energy balance in the brain.
The notion that sleep disturbance or deprivation might lead to deficits in attention is well established [52, 65, 66] . For example, numerous studies, both in humans and rodents, have demonstrated that sleep disruption most reliably leads to performance impairments in tasks requiring sustained attention [67] [68] [69] 70 ]. The consequences of such attentional disruption for cognitive performance following sleep disruption are likely to be many and varied, but may include an impaired ability to acquire new information. Consistently, sleep deprivation in mice during the light period, when animals are typically asleep, leads to impaired performance in the novel object recognition task, while sleep deprivation performed in the dark period is not effective [71, 72] . Time of day, arousal state and preceding sleep-wake history may contribute to these effects. An inability to attend to the appropriate stimuli at the appropriate times will impede the ability to form new associations and thus to form new longer-term memories, consistent with existing evidence that sleep disturbance or deprivation can disrupt new learning [1] . Furthermore, reduced attentional capacity may also impact on planned behaviour, particularly in situations in which it is necessary to perform computationally demanding searches for appropriate retrieval cues (either externally or internally) relevant to achieve a future, distant goal [73] .
Sleep disturbance changes the nature of behaviour
A further consideration, which may, in part, result from this reduced ability to pay attention (although the two ideas are not wholly dependent on each other), is that sleep disruption may produce a more fundamental change in the nature of behaviour. Broadly speaking, behaviour and the sorts of responses that are made can be categorised into two distinct types. These are often described as goal-directed versus habit-like (or habitual) behaviours (which are computationally related to model-based versus model-free reinforcement learning respectively; see Box 2). It is generally considered that early on when learning a new task, behaviour is predominantly goaldirected, requiring high levels of attention that can be metabolically demanding [74] . However, if responses and outcomes are predictable and these associations have been acquired, then responding becomes more automatic: it requires less attention and is computationally and possibly therefore metabolically, less demanding. Indeed, the switch from goal-directed responding to habit-like behaviour is generally considered as an adaptive response to free up attentional resources for other things once associative learning is at asymptote and the environment is relatively predictable [75, 76] .
Box 2 Habits, goals and implications for neuropsychiatric disorders
Sleep disturbance may result in a shift away from goal-directed, model-based cognition and behaviour to a more model-free, habit like state. This may have important clinical implications. For example, there is an increasing realisation that sleep disturbance and altered sleep EEG oscillations may be important and common symptoms in several neuropsychiatric disorders, including depression and schizophrenia [2, [87] [88] [89] [90] , although the underlying mechanisms and the functional relevance of these observations have remained unclear. Furthermore, sleep disturbances may exacerbate or even precipitate certain other symptoms associated with these disorders. We posit that sleep disruption may exacerbate neuropsychiatric symptoms like delusions by shifting individuals to more model-free forms of behaviour and cognition. A number of authors have made the link between the propensity for model-free, habit-like behaviour and the tenacity and persistence of delusions, such that aberrant thoughts and beliefs are resistant to re-evaluation, in the same way that habitual instrumental responding is resistant to re-evaluation [91, 92] . Consistent with this possibility, several studies have now demonstrated increased model-free, habit-like behaviour in schizophrenic patients in experimental situations [93 ,94] . This shift could result in a failure to re-evaluate aberrant thoughts or beliefs appropriately, hence exacerbating the tenacity and persistence of existing delusions in these patients. This account provides a potential mechanism by which sleep disruption might precipitate or exacerbate psychosis in at risk individuals. This notion is also consistent with the observation that delusions are more likely to persist during sleep deprivation in patients with depression [95] .
However, the converse may also be true. Namely, that if attentional resources are limited (e.g. as a consequence of sleep disruption/disturbance), then it is much more likely that a model-free/habit-based form of behaviour will predominate over a model-based, goal-directed behaviour which requires high levels of attentional control and higher metabolic resources. Indeed, in everyday life there are numerous examples that reduced attention can increase the chances of performing unwanted habits instead of intended actions [77] . Furthermore, it is increasingly recognised that rather than there existing a simple serial relationship whereby goal-directed, model based behaviours always precede habit-like, model-free responding, organisms are often likely to have access to both forms of behaviour and can rapidly and readily switch between the two, given different environmental circumstances such as changes in stress and arousal [78,79 ,80] . Given the importance of circadian rhythms and sleep deprivation over motivated behaviours (e.g. [81] ), it seems plausible that sleep disturbance will fundamentally change the nature of behaviour, making responding more model-free and habitual as a result of reducing attentional capacity.
Potentially consistent with this account, we have recently demonstrated an important relationship between the nature of behaviour during waking experience and sleep pressure (Figure 3) . Typically, waking has often been thought of as a homogenous process, which is associated with a continuous, progressive increase in sleep pressure, largely irrespective of the nature of ongoing behaviour or activities. However, we recently showed that automatic, stereotypical wheel running behaviour in mice was associated with a marked reduction in neural activity in the motor and somatosensory cortex [9] . Furthermore, increased engagement with this low attention/low cost automatic, stereotypical behaviour was also associated with a substantially increased capacity to stay awake and an attenuated increase in neuronal excitability across the waking period [9, 82] . Although the psychological processes which determine wheel running in rodents are not clear, this finding might suggest that waking dominated by automatic, model-free behaviours may have a lower 'cost' with respect to accumulation of sleep need. Thus, while reduced sleep may favour model-free behaviour, conversely engaging in model-free behaviours may reduce sleep requirement.
The mechanisms underlying the proposed effects of prolonged wakefulness on wake behaviours remain to be determined but may implicate the occurrence of local neuronal OFF-states within relevant cerebral networks. Sleep has properties of a local process whereby those networks which have been especially active during waking, or underwent the strongest plastic modifications, may require more intense sleep [4, 13, 83] . Interestingly, a recent study showed that merely increasing network spiking activity irrespective of ongoing vigilance state or behaviour does not result in the homeostatic response during subsequent sleep [84] . By the same token, it is possible that habitual behaviours, which are not associated with any new associative learning and can proceed with reduced levels of attention, may be associated with a reduced accumulation of sleep need. Whether the occurrence of OFF periods is merely a marker of energy deficit incurred during intense synaptic activity and plasticity, a consequence of reduced levels of arousal promoting neuromodulators, or an active process contributing to online renormalisation of network function remains to be determined.
If, as predicted, sleep disruption shifts behaviour to favour more model-free strategies, this may also, in part, explain the significance of sleep disturbance for various neuropsychiatric disorders (Box 2). Furthermore, a reduced ability to adopt a model-based approach following sleep disruption could be considered analogous, at least in part, to more recent ideas about the role of sleep in memory consolidation which suggest that its key role is to facilitate the extraction and/or utilisation of the 'gist' from a memory, enabling the creation of a schema or worldview [1, 5] . Both scenarios suggest that sleep disturbance would lead to a reduction in model-based engagement with the world. This could manifest as either a failure to overcome innate or learned biases or through shallower search through prospective decision trees (e.g. [85] ). It is important to note, however, that the psychological and neurobiological mechanisms leading to this reduction in model-based behaviours may be quite different according to these two distinct accounts.
Conclusions
Here we have briefly reviewed evidence which suggests that synaptic homeostasis of GluA1-containing AMPA receptors may provide a mechanism for dishabituation and the restoration of attentional capacity during sleep, maximising the readiness of the animal for behaviour during subsequent periods of wakefulness ( Sleep restores attentional performance through dishabituation: the role of glutamatergic plasticity. Prolonged wakefulness is associated with increased levels of GluA1 subunit of AMPA receptors, increased neuronal excitability and synchronization, resulting in a brain state which is metabolically expensive and suboptimal for attentional processing. Studies using genetically modified mice have identified an important role for GluA1-dependent synaptic plasticity in a non-associative form of short-term memory that underlies short-term habituation to recently experienced stimuli. Prolonged wakefulness or disrupted sleep are associated with a progressive shift from model-based, goal-directed behaviours to modelfree, habitual behaviours. It is reflected in a progressively increased difficulty to engage with stimuli and maintain them at the forefront of attention, which is associated with high computational/metabolic cost. Circadian process may partially restore attentional performance, thereby benefiting learning. Network renormalisation during sleep, including removal of AMPA receptors, may reduce the energetic costs of paying attention to stimuli and thus help maintain the energy balance in the brain. Failure to engage such dishabituation processes will result in persistently low levels of attentional capacity. Thus, extended periods of wakefulness will result in reduced attention, whereas sleep provides recovery such that high levels of attention are once again possible during the next waking period.
contribute to many of the learning and memory deficits reported previously in the literature. Furthermore, an inability to maintain high levels of attention appropriately (e.g. after sleep deprivation) may also shift cognition and behaviour towards more automatic, model-free, habit-like forms which require low attentional capacity, and away from more goal-directed, model based processing which requires high levels of attention. This may also have important implications for understanding the significance of sleep disruption in neuropsychiatric disorders.
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